Competence-stimulating peptide (CSP) and ComD of the streptococcal species are a pheromone and its receptor, respectively, involved in the regulation of competence for natural genetic transformation. We show here that these molecules have undergone positive selection. This study is the first report of positive selection due to competition among bacterial populations.
Competence-stimulating peptide (CSP) of the streptococcal species (6, 8, 15 ) is translated from the comC gene as the precursor ComC, consisting of a leader peptide and a functional peptide. The leader and functional peptides are both about 20 amino acid residues long. The functional peptide is secreted as the CSP into the extracellular space, concomitantly with the removal of the leader peptide. The CSP binds to the streptococcal comD gene product ComD, which acts as both the receptor for CSP and the sensor protein (7) . The amino acid sequence of ComD is divided into two domains: an Nterminal domain of about 200 amino acid residues, including the transmembrane region, and a C-terminal histidine kinase domain of about 240 amino acid residues. The CSP receptor resides in the N-terminal domain. CSP binding to ComD activates the histidine kinase of ComD, which results in the expression of genes related to competence development (1, 7, 14, 21, 29) .
The amino acid sequences of ComC and ComD have highly diverged (8, 30) , and each CSP predominantly interacts with its cognate ComD (7, 8, 10, 22) . Therefore, each bacterial species or strain with a distinct CSP and ComD pair displays a specific induction of natural competence (8, 30) . The mechanisms that generate sequence variation are considered to be recombination (8, 30) and point mutations (8) . The former mechanism was discussed by Håvarstein et al. (8) . However, the latter mechanism has not been fully examined yet. Positive selection is one of the possible mechanisms for the accumulation of point mutations. We examined here whether positive selection plays a role in the sequence diversity of ComC and ComD.
Sequence data. The nucleotide sequences of streptococcal comC genes, collected by keyword and sequence similarity searches, were classified into 10 groups, each consisting of almost identical sequences. We selected a sequence from each group as a representative if the nucleotide sequence of the cognate comD gene was available. Among the 10 cognate pairs of comC and comD genes, nine pairs have been registered as the same entries in the GenBank nucleotide sequence database. The identification (ID) codes and the source strains of the nine pairs in GenBank are as follows: AJ240763 (Streptococcus mitis Col16), AJ240787 (S. pneumoniae R6), AJ240790 (S. pneumoniae Fs), AJ240791 (S. pneumoniae 101/87), AJ240792 (S. pneumoniae Pn13), AJ240794 (S. oralis Col19), AJ240795 (S. mitis NCTC10712), AJ000866 (S. mitis Hu8), and AJ000871 (S. mitis B5). As for the remaining pair, derived from S. mitis strain NCTC12261, the nucleotide sequence of the comC gene is available in GenBank (ID code AJ000875). The cognate comD gene (ID code SMT0012) was obtained from The Institute for Genomic Research Microbial Database (http://www.tigr.org/). The nucleotide sequences of some comD genes lacked the 3Ј regions. The 5Ј segmental region consisting of 384 nucleotides, which is shared by the available comD genes, is considered to encode the receptor domain for the CSPs (7, 30) . Accordingly, we used the 5Ј segmental sequences of the comD genes in the present study.
Calculation of k A and k S . The numbers of nonsynonymous (amino acid-altering) and synonymous (silent) nucleotide substitutions per site between two related sequences, K A and K S , are commonly used to study the mechanisms of nucleotide sequence evolution (4, 16-19, 23, 31) . We used these values to evaluate the recombination and positive selection of the comC and comD genes. Here, K A and K S were calculated by Miyata and Yasunaga's method (18) . The initiation and termination codons and gap sites were excluded from this calculation. In addition, we applied the Jukes-Cantor method (11) to K A and K S to correct for the effect of multiple substitutions. The corrected values are indicated as k A and k S values.
Analysis of recombination and classification of genes. To accurately evaluate whether the point mutations had accumulated by positive selection, the effect of recombination must be eliminated, because recombination violates the correct estimation of evolutionary distance (2) . Besides, recombination has reportedly occurred in the comC and comD genes (8, 30) . Therefore, we searched for the presence of putative recombination points and located these positions in the comC and comD genes. Synonymous substitutions for k S are free from the selective constraint at the protein level, whereas nonsynonymous substitutions for k A are under the selective constraint at the protein level (18, 19, 24) . We used the property of k S to find the recombination points as follows. Consider a pair of aligned nucleotide sequences consisting of N codons. We calculated the difference in k S between the 5Ј-m codons and the remain-ing N-m codons, by changing m from x to N-x. To avoid an artificially large difference due to the small number of codons in the terminal region, divisions including a boundary region consisting of less than x codons were excluded from the detection. In the present study, x was set to six. When no sequence under comparison has undergone recombination, the difference is small at any division, because the k S value is expected to be similar across the entire gene (19) . In contrast, when recombination has occurred in the genes under comparison, the k S values are expected to be different between the two regions divided by the recombination point, reflecting the different evolutionary histories of each region. In this analysis, we assumed that one recombination point, if any, is present in a pair of comC gene sequences, because only one recombination point was reportedly observed within the comC gene (8) . The same procedure was applied to the comD genes, under the same assumption as for the comC genes.
The putative comC recombination points were clustered in a region that corresponds to the amino acid sequence alignment sites 18 to 27 of Fig. 1A . The region was close to the boundary between the coding regions of the leader and functional peptides. Based on the presence of the putative recombination points, the 10 comC genes were classified into two groups. No recombination was observed within each group, but putative recombination points were detected between the members of the two groups. One of the groups consisted of the comC genes from six strains (Fs, R6, Col16, Col19, 101/87, and B5), whereas the other comprised the comC genes from four strains (NCTC10712, Hu8, Pn13, and NCTC12261). These groups are hereafter referred to as groups 1 and 2, respectively. In contrast, the putative recombination points of the comD genes were clustered into two regions. One was clustered in a region corresponding to the amino acid sequence alignment sites 8 to 19 of Fig. 1B . As in the case of the comC genes, the 10 comD
Multiple alignments of the ComC (A) and ComD (B) amino acid sequences. The nucleotide sequences of the 10 comC genes and the cognate comD genes were aligned by using CLUSTAL W 1.82 (27) . The amino acid sequence alignment was constructed based on the nucleotide sequence alignment. The upper six sequences belong to group 1, whereas the lower four sequences belong to group 2. When more than 50% of the sequences of a group have the same amino acid residue at an alignment site, the residue at that site is shaded. The amino acid residues of ComC from a strain R6, which correspond to the residues used to determine the specificity of receptor recognition (10) , are enclosed by rectangles. The dashed lines 1, 2, and 3 indicate the regions where putative recombination points were detected from pairwise sequence comparisons. The regions represented by the dashed lines 1 and 2 were detected between the members of groups 1 and 2. The putative recombination points detected within group 2 for the comD gene are included in the region indicated by the dashed line 3. The asterisks, plus signs, and period symbols indicate the amino acid sites that correspond to the codon sites that have an of Ͼ1.0, with posterior probabilities higher than 99, 95, and 50%, respectively. The posterior probabilities were calculated by the codeml program. 6430 NOTES J. BACTERIOL.
genes were classified based on the presence of the putative recombination points. Then, two groups without recombination were obtained. The source strains of each comD gene group were identical to those of each comC gene group. Therefore, the comD gene groups are also referred to as groups 1 and 2. The other region was present at the boundary corresponding to the amino acid sequence alignment sites 111 to 112 of Fig. 1B . As shown in the figure, the region is close to the C termini of the ComD fragment sequences used in the present study. The putative recombination points further divided group 2 of the comD genes into two groups. One consisted of the comD genes from three strains: NCTC10712, Hu8, and Pn13. The other included a single gene, from NCTC12261. We excluded the downstream portion of the comD genes from the region corresponding to the latter recombination points in further analyses because both the comC and comD genes could be classified into two groups, corresponding to groups 1 and 2, by the exclusion. Then, the sequences within the same group were compared to examine the possibility of positive selection. Analysis of positive selection by the k A to k S ratio. To evaluate the selective pressure intensity at the protein level, , the ratio of k A to k S (18) , was examined for every pair of aligned nucleotide sequences for each group. is used as a criterion for detecting genes under positive selection (18, 31) . Some nonsynonymous substitutions, which induce replacements with amino acids with different physicochemical properties, are likely to be deleterious to the protein and thus to the individual (24) . Such substitutions are unlikely to become fixed in the population and would exert negative selections that make k A lower than k S . In this case, therefore, the value would be less than 1. When nonsynonymous substitutions are advantageous to the protein and the individual, such substitutions are likely to become fixed in the population, and consequently amino acid substitutions in the gene product are promoted, which makes the ratio greater than 1.
In this analysis, we divided the alignment of the comC genes into two parts, based on the functions of the encoded peptides. Then, the k A and k S values were calculated for every pair within the same group in each part. One of the parts was the 5Ј region consisting of 72 nucleotides, which encodes the leader peptide. The other was the 3Ј region consisting of 48 nucleotides, which encodes the functional peptide. Hereafter, these regions are referred to as the leader region and the functional region, respectively. The k A and k S values of 15 pairs were calculated for group 1, and those of six pairs were calculated for group 2. The results of the comC gene calculations are summarized in Fig. 2A . The plot with an of Ͻ1.0 is shown in the lower right region below the diagonal line in Fig. 2 , whereas the plot with an of Ͼ1.0 is shown in the upper left region, above the diagonal line. All of the plots for the pairs of the leader region, except for two, had an of Ͻ1.0. Most protein-coding genes generally have an of Ͻ1.0 (24) . The values of the leader region agree with the values of the ordinary protein-coding genes. The two exceptional plots, which come from group 1, may be artifacts by the small number of mutations due to close relationships, because both plots had a k S of 0.0 and a k A of Ͻ0.04. Of the 21 plots for the pairs of the functional region, 11 had an of Ͻ1.0, as well as those for the leader region. However, the remaining 10 plots had an of Ͼ1.0. Such plots with an of Ͼ1.0 were found in both groups. This observation indicates the possibility that the functional region has undergone positive selection. The single outlier of the functional region, identified in the vicinity of k S ϭ 0.9, is considered to be an artifact due to the small number of sites available for calculation. Our preliminary study suggested that the N-terminal region (63 amino acid residues) of ComD was highly diverged (average identity ϭ 68.6%), whereas the C-terminal region (48 amino acid residues) was conserved (average identity ϭ 92.0%) (see Fig. 1B ). Based on this observation, we divided the comD genes into two corresponding parts, because the difference in amino acid conservation seems to suggest that each part is subjected to different functional constraints. The first part (189 nucleotides) and the remaining part (144 nucleotides) are referred to as the variable and conserved regions, respectively. The k A and k S values were then calculated for every pair of aligned sequences in each region. Figure 2B shows the k A as a function of k S . All of the plots for the conserved region of the comD genes, except for two, show an of Ͻ1.0. The two exceptional plots may be artifacts, for the same reason as in the case of the comC genes, because both This result suggests that the variable region of the comD genes has been the target of positive selection. Considering that the functional region of ComC is subjected to positive selection, the variable region may be involved in directly binding to CSP. Analysis of positive selection by at each codon site. To confirm the above results, we used the codeml program of the PAML package (version 3.14) (31) to examine whether the comC and comD gene alignments include the sites with an of Ͼ1, by the likelihood ratio test (LRT). In this analysis, the nucleotide sequence alignments were not divided, but the entire regions of the comC and comD gene alignments were analyzed by the codeml program. LRT by the codeml program requires information about the topology and branch lengths of the phylogenetic tree constructed from the alignment. We obtained this information by constructing maximum-likelihood (ML) trees of the comC and comD genes with a tree estimation program, gamt (12) . Given the information, the parameters, including , for a model of evolution were inferred by the ML method. Then, the log-likelihood value of the alignment was calculated with the estimated parameters under the model. The log-likelihood was calculated for a null model and an alternative model. The null model does not allow the sites with an of Ͼ1, whereas the alignment includes the sites with an of Ͼ1 in the alternative model. Then, twice the difference in log-likelihood between the two models was calculated, which follows a 2 distribution with the degree of freedom ϭ 2. At first, two models, M7 and M8 implemented in the PAML package, were used as the null and alternative models for LRT, respectively. In M7, codon sites are classified into 10 categories, each corresponding to a distinctive value within an interval from 0 to 1. That is, M7 does not include the sites with an of Ͼ1. The alternative model, M8, is constructed by adding an 11th category which has an of Ͼ1 to M7. If M7 is rejected by LRT, then it means that the alignment includes sites subjected to positive selection. The LRT results for the comC and comD genes are summarized in Table 1 . For either group of the comC and comD genes, the null model M7 was rejected with statistical significance. We also examined the LRT between two models, M1a and M2a, which are regarded as the simple versions of M7 and M8. In the null model M1a, the codon sites are classified into two categories: the conserved category with 0 Ͻ Ͻ 1 and the neutral category with ϭ 1. The alternative model, M2a, is constructed by adding a third category of sites to M1a, which has an of Ͼ1. Like the cases with M7 and M8, M1a was rejected for each group of the two genes (see Table 1 ). These results suggest that the comC and comD genes have been subjected to positive selection.
The codeml program can estimate potential codon sites with an of Ͼ1.0 under either model, M8 or M2a, by the naive empirical Bayes method. We estimated such sites from the alignments of the comC and comD genes with the program. Many codon sites with an of Ͼ1.0 estimated under M2a agree with the sites estimated under M8 (data not shown). The amino acids that correspond to the sites with an of Ͼ1.0 under M8 are shown in Fig. 1 . Recently, five amino acid residues of a CSP from S. pneumoniae strain Rx, which determine the specificity of receptor recognition, have been identified by structural and biochemical studies (10) . The amino acid sequence of the CSP from strain Rx is identical to that from strain R6, which belongs to group 1. The alignment sites corresponding to the five residues were 28, 36, 37, 40, and 41 (see Fig. 1A ). Of the five sites, three-28, 37, and 41-were identified as the targets of positive selection in group 1, whereas only site 37 was subjected to positive selection in group 2. This observation suggests that the positive selection is related to the determination of the specificity of receptor recognition in group 1 and that the mechanism for receptor recognition is somewhat different between the two groups.
We examined the biased distribution of the codon sites with an of Ͼ1.0 estimated by the codeml program. As shown in Table 2 , the number of codon sites in the functional region of the comC genes was greater than those in the leader region (P Ͻ 0.01) in group 1. The number of such sites in the variable region of the comD genes was also greater than those of the conserved region (P Ͻ 0.01) in group 1. As for group 2, the codon sites with an of Ͼ1.0 also seemed to be abundant in the functional region of the comC genes and the variable region of the comD genes, although the biases did not satisfy the statistical criterion of a P value of Ͻ0.05. These results suggested that the functional region of the comC gene and the variable region of the comD gene have been the targets of 
Ϫ2
a Parameters: lnL, log likelihood of an alignment under a model; df, degree of freedom for the comparison of two models; 2⌬lnL, twice the difference of the log likelihoods between two models; P, P value corresponding to 2⌬lnL.
b That is, the model for the evolution 6432 NOTES J. BACTERIOL.
positive selection and also corresponded to the ratio of k A to k S analysis results.
Other bacterial pheromones and their receptors. We also examined the positive selection of other bacterial genes encoding the pheromones and their receptors (28) . Bacillus ComX and ComP are the ligand and the receptor for the competence system (3). Ansaldi and Dubnau reported that both the comX and comP genes evolved under positive selection. The comQ gene, which encodes ComQ, a maturation factor for ComX, was also reported to be the target of positive selection. However, we could not find any evidence to support positive selection for the three genes, not only by the method used in this report but also by that used in the previous report. Considering Tables 1 and 2 in their earlier study (3), Ansaldi and Dubnau seemed to use the numbers of substitutions without dividing by the site numbers, instead of the k A and k S values, which may lead to the wrong conclusion. As for other systems, the functional peptides of some bacterial pheromones are too short to calculate the nucleotide differences. Moreover, the available sequence data for the pheromones and receptors were too scarce for a comparative study.
Driving force of positive selection. The results of our study suggested that positive selection is an important mechanism to generate sequence variability in the CSPs and ComDs, in addition to recombination. Positive selection has been found in many molecules (4, 16, 23) . However, positive selection due to competition among bacterial populations has not yet been detected. Recent studies have suggested that the competence system of S. pneumoniae is involved in the competition for DNA resources and nutrition by promoting the bacteriolysis of noncompetent cells (5, 13, 20, 25, 26) and protecting the competent cells against their own bacteriolytic agents (5, 9) . CSPs and ComDs display variability (8, 30) and specificity (7, 8, 10, 22) , which may guarantee the strict self-recognition of a strain and consequently the occupation of DNA resources by the same strain. Therefore, the competition for DNA resources through competence-mediated cell lysis would be the driving force of positive selection for the ComC-ComD system, and the present study provides the first example of positive selection due to competition between closely related bacterial populations. The sizes of the sequences used in the present study were short, and the number of available sequences was small. Further accumulation of comC and comD gene sequences and the development of theoretical treatments of positive selection will clarify the evolutionary mechanism of this system. a The numbers of codon sites with an of Ͼ1.0 and that of the total codon sites in each region for each group are shown as the numerator and denominator at the corresponding position in the table.
b The biased distribution of the codon sites with an of Ͼ1.0 between two regions was examined by using the 2 test for independence. The 2 values and the corresponding P values are shown in the rightmost column. *, When the number of observed codon sites with an of Ͼ1.0 was Ͻ11, the 2 value was corrected by the Yates' method.
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